INTRODUCTION
Almost 1% of all infants are born with cardiac malformations. However, not all molecular pathways regulating heart development have been identified. Genetic loss-of-function experiments in model organisms started to reveal that a variety of signaling factors and transcriptional regulators, such as Fgfs, Retinoic acid, Notch and Pbx are crucial during cardiac morphogenesis (1) . One large family of transcriptional regulators, whose requirement for heart development remains obscure, is the Homeobox (Hox) gene family (2) . Although Retinoic acid signaling and Hox gene expression is interdependent (3) and Pbx proteins act as Hox cofactors (4 -6) , no cardiac defects have been identified in any of the single or compound Hox mouse mutants. Interestingly, a recent study in humans found severe cardiovascular malformations in patients carrying a homozygous truncating mutation in HOXA1 [BosleySalih-Alorainy Syndrome (BSAS) (7), Athabascan Brainstem Dysgenesis Syndrome (ABDS) (8) ]. Some of the malformations are lethal without surgical intervention and include interrupted aortic arch type B (IAAB), aberrant subclavian artery (ASC), ventricular septal defect (VSD), bicuspid aortic valve (BAV) and Tetralogy of Fallot (7 -9) . Cardiovascular malformations are present in 70% of ABDS and 31% of BSAS patients (9) . In addition, some patients display cerebrovascular defects such as absent or hypoplastic internal carotid artery (ICA).
In the past two decades, several Hoxa1 mouse models were generated and analyzed (10) (11) (12) . Although Hoxa1 knockout mice manifest all other symptoms present in human patients, e.g. brainstem abnormalities, hypoventilation, inner ear and craniofacial defects, cardiovascular abnormalities have not been reported in these mice (7, 10, 12) . Due to the lack of a mouse model for the human congenital heart defects, it has not been possible to examine the developmental causes of these defects or to understand the role Hoxa1 plays during heart development.
To address the discrepancy between human patients and Hoxa1 knockout mice with respect to the cardiac phenotype, we examined a large number of Hoxa1 null embryos for cardiovascular defects. We found a variety of malformations of the cardiac outflow tract (OFT) and great arteries in Hoxa1 null embryos, many of which are identical to the defects in HOXA1 syndrome patients. We further determined that during early embryogenesis, Hoxa1 is expressed in cardiac neural crest progenitors in the neural tube and is required for the expression of several genes necessary for neural crest specification. Our study identifies the first Hox-deficient mouse with cardiac defects and suggests a model for how Hoxa1 influences cardiac development.
RESULTS

Hoxa1 null mice exhibit severe cardiovascular malformations
Since HOXA1 syndrome patients display congenital heart defects, which have not been reported in Hoxa1 knockout mice, we thoroughly examined Hoxa1 2/2 embryos for cardiac defects. For our analysis, we used a Hoxa1 null line in which GFP was inserted into the coding region of Hoxa1 (Hoxa1 GFP ) (11) (Fig. 1) . Hoxa1 GFP/GFP pups are born at normal Mendelian ratios but die at P0-P1 (n ¼ 25), as reported previously. Upon careful examination, we found that 74% of all Hoxa1 null animals analyzed at E18.5-P1 (n ¼ 34) showed cardiovascular defects ( Fig. 2A -L ; Table 1 ). We categorized the cardiovascular defects into aortic arch and cardiac OFT defects. Aortic arch malformations were the most severe and most penetrant, present in 68% of all mutants (Table 1) . These defects include IAAB (Fig. 2C) , which is a lethal heart defect present in 50% of mutants, aberrant retroesophageal right subclavian artery (ASC) (Fig. 2D ) and right aortic arch (RAA) (Fig. 2F) . Cardiac OFT abnormalities were observed in 47% of mutants and include VSD ( Fig. 2I and J) and BAV ( Fig. 2G and H) , the latter representing the most common human congenital cardiac malformation. Two animals with VSD additionally had an overriding aorta, pulmonary stenosis and hypertrophy of the right ventricle (Fig. 2I-L) , which are the hallmarks of Tetralogy of Fallot. In sum, like human HOXA1 syndrome patients, Hoxa1 null mice display IAAB, ASC, VSD, BAV, Tetralogy of Fallot and carotid artery abnormalities and, therefore, represent a valuable model for the congenital heart defects in humans.
Hoxa1
2/2 mice display cerebrovascular and glandular abnormalities
In addition to the cardiovascular defects, Hoxa1 null mice exhibit cerebrovascular and glandular defects. Cerebrovascular abnormalities include abnormal branching, hypo-or aplasia of the internal and external carotid arteries ( Fig. 3A and B), which is also seen in human patients. The glandular defects include thymic hypoplasia (Fig. 3C-D ′ ) and parathyroid hypo-or aplasia (Fig. 3E-F ′ ). Cerebrovascular abnormalities are present in 68% of Hoxa1 mutants and glandular defects in 71% (Table 1) . Notably, all Hoxa1 null animals showed at least one cardiovascular or glandular malformation (n ¼ 34), whereas no abnormalities were detected in control littermates (n ¼ 20).
Hoxa1 is expressed in cardiac neural crest precursors in the hindbrain
Interestingly, the cardiovascular and glandular anomalies in Hoxa1 null mice are reminiscent of the defects found in mutants in which the development of cardiac neural crest cells (NCCs) is affected (1). Cardiac NCCs originate from the posterior hindbrain (rhombomeres 6 -8) and are required for remodeling of the primordial aortic arch vessels and cardiac OFT, as well as the development of the parathyroid and thymus (1, 13) . Hoxa1 is not expressed in the heart tube at any stage of development, but it is strongly expressed in the posterior hindbrain where cardiac NCCs arise (14, 15) . Hoxa1 is expressed in this region as early as E7.75, but expression recedes rapidly and is absent from the hindbrain by E9.0 ( Fig. 4A -D) . To examine if these early Hoxa1-expressing cells in the hindbrain contribute to the heart at later stages, we carried out lineage analysis, using a Hoxa1 IC driver (15) (Fig. 1 ). Hoxa1 lineage contributes extensively to the cardiac OFT ( Fig. 4E ) (15) in a pattern equivalent to the Wnt1 lineage ( Fig. 4F and G), which marks NCC (16, 17) , suggesting that most if not all cardiac NCCs are derived from Hoxa1-expressing cells. By examining the distribution of Hoxa1 lineage over time, we found that at E9.0 very few lineage labeled cells were present in the cardiac region (Fig. 4H) . By E10.0, Hoxa1 lineage had populated the GFP was generated by inserting EGFP followed by polyadenylation signals into a unique site located in the first exon of Hoxa1 resulting in a frame shift in the Hoxa1 genomic sequence 3 ′ of the cassette (grey box). This generates a fusion protein, lacking the homeodomain, which is encoded in exon 2. Neo was removed leaving a residual loxP site. The Hoxa1 IC allele was generated by inserting an IRES-Cre-NEO cassette in the 3 ′ UTR of Hoxa1 and subsequent removal of Neo, leaving a residual Frt site. Solid boxes represent coding regions and white boxes UTRs. (B) PCR or southern genotyping identifies the different Hoxa1 alleles.
Human Molecular Genetics, 2012, Vol. 21, No. 1 27 cardiac OFT (Fig. 4I ) and at E10.5 a large number of labeled cells were present in this region (Fig. 4J) . Our results demonstrate that Hoxa1 is expressed in cardiac neural crest precursors in the hindbrain, which contribute to the heart at later stages.
Hoxa1 regulates genes necessary for neural crest specification
To identify downstream targets regulated by Hoxa1 in the hindbrain, we previously carried out microarray analysis on dissected tissues from Hoxa1 null and wild-type (WT) embryos at the peak of Hoxa1 expression (18) . Interestingly, our array revealed that several NC markers were downregulated in Hoxa1 null samples. In order to determine whether any of these markers are misexpressed in cardiac NC precursors in the posterior hindbrain of Hoxa1 null embryos, we performed in situ analysis on several of these genes. We found that Hnf1b, Foxd3 and Zic1 were strongly down-regulation in the posterior hindbrain of Hoxa1 null embryos compared with wild-type controls (Fig. 4K -M ′ ). Foxd3, Zic1 and Hnf1b are expressed in premigratory cardiac NC progenitors and have been shown to be important for NC specification (19) (20) (21) (22) (23) . This suggests that during cardiac development, Hoxa1 acts upstream of genes required for the specification of cardiac NC cells. 
is strongly reduced in the posterior hindbrain (r6 -r8; brackets) of Hoxa1 null embryos. Foxd3 expression in r4 is also absent in mutants (L, L ′ ; arrow heads). (N) Model for the role of Hoxa1 in cardiac neural crest progenitors based on this (black) and other studies (blue) (5, 21, 28, 29) . We suggest that Hoxa1 acts upstream of Hnf1b, Zic1 and Foxd3 in neural crest development, potentially in complex with Pbx1 and upstream of Pax3 to control NCC specification. Note that dashed lines and arrows do not necessarily indicate direct gene regulation. e, eye; h, heart. Scale bars: top panels 200 mm, bottom panel 100 mm.
Human
identical to the malformations in HoxA1 syndrome patients. Our analyses demonstrate that Hoxa1 is required for patterning of the great arteries and OFT of the heart. We further show that Hoxa1 is expressed in cardiac NC precursors in the hindbrain. These cells are required for remodeling of the cardiac OFT and aortic arch arteries III, IV and VI, which will contribute to specific segments of the carotid arteries, subclavian arteries and aortic arch (1, 24) , all of which are affected in Hoxa1 mutants.
We identified three genes, Foxd3, Zic1 and Hnf1b, which are regulated by Hoxa1 and are necessary for NC specification. Foxd3 is expressed in premigratory NCCs in the hindbrain (19) and has been shown to promote the development of neural crest from neural tube progenitors (22) . Deletion of Foxd3 in NCC leads to subtle defects in cardiovascular development (25) , but when combined with one null allele of Pax3, severe abnormalities such as persistent truncus arteriosus are observed (21) . While one null allele of Pax3 does not lead to cardiac defects, Pax3 homozygous null mice have profound defects in the OFT, great vessels and glands (26, 27) . Similarly, mutations in members of the Zic gene family have been shown to lead to congenital heart defects in humans and mice (1) , and it was demonstrated that Zic1 acts upstream of Pax3 in NC induction (28) . A recent study further demonstrated that Pbx1 is required upstream of Pax3 in premigratory cardiac NCCs and suggested a model in which a Pbx1 -Hox complex carries out this function (29) . In fact, it has previously been shown that Pbx1 acts as a cofactor for Hoxa1 (5) and like Hoxa1 null embryos, Pbx1 mutants display cardiac OFT defects including VSD and great artery anomalies such as ASC and RAA (29, 30) . Based on our findings, as well as those from previous studies (21, 28, 29) , we propose a model, in which Hoxa1 acts upstream of Foxd3, Zic1 and Hnf1b in cardiac NC development, potentially in a complex with Pbx1 upstream of Pax3 (Fig. 4N) .
Our study suggests that the cardiovascular defects in mice and humans could, at least in part, be due to a role of Hoxa1 in cardiac neural crest development. Future studies will be necessary to determine whether Hoxa1 plays a cell autonomous or non-cell autonomous function during cardiac neural crest development and which specific step of neural crest maturation is regulated by Hoxa1. It will also be interesting to determine how Hoxa1 and possibly other Hox genes intersect with some of the known regulators of cardiac development, such as Fgfs, Retinoids and Pbx. Our Hoxa1 mouse mutant provides a valuable model to study the molecular mechanisms through which Hox genes regulate cardiac morphogenesis, which will help uncover the developmental causes for the cardiac malformations in human patients.
MATERIALS AND METHODS
Mouse lines and genotyping
The Hoxa1 GFP allele (null allele) (11) was generated by inserting an EGFP-PolyA-loxP-MC1-Neo-loxP cassette into a unique AatII site in exon 1 of Hoxa1 [previously referred to as exon 2 (11)], which results in a fusion protein lacking the homeodomain (Fig. 1A) . Neo was removed using a Cre 'deleter' mouse (31) . The Hoxa1-IRES-Cre (Hoxa1 IC ) allele was generated by inserting an IRES-Cre-frt-MC1-Neo-frt cassette downstream of the stop codon and subsequently removing the Neo allele by crossing to an FLPe deleter (15) (Fig. 1A) . Genotyping was performed using multiplex polymerase chain reaction (PCR) (Fig. 1B) ′ , generating a 220 bp WT and 382 bp engineered band. Both mouse lines were maintained on a C57BL/6 background. Lineage analysis was carried out using the previously described R26R-EYFP and R26R-lacZ lines (32, 33) . All mouse use complied with protocols approved by the University of Utah Institutional Animal Care and Use Committee.
Histology, b-galactosidase staining and RNA in situ hybridization Embryos were harvested at E18.5, fixed in formalin overnight, washed in phosphate buffered saline (PBS) and stored in 70% ethanol for thoracic dissections. For histology, embryos were further dehydrated, embedded in wax, sectioned at 18 mm and stained with hematoxylin and eosin. For b-gal staining, hearts were dissected in PBS, pH 7.4 with 2 mM MgCl 2 , fixed in 1% formaldehyde, 0.2% glutaraldehyde, 25 mM EGTA, 2 mM MgCl 2 , 0.02% NP40 in PBS, washed in PBS with 2 mM MgCl 2 and stained in X-gal solution (0.8 mg/ml X-gal, 25 mM K 3 Fe(CN) 6 , 25 mM K 4 Fe(CN) 6 -3H 2 O, 2 mM MgCl 2 , 0.01% Na deoxycholate, 0.02% NP40 in PBS) over night at room temperature. For RNA in situ hybridization, digoxigenin-labeled antisense RNA probes were generated from plasmids carrying cDNA fragments. The following cloned mouse cDNAs were obtained, sequenced and used to prepare riboprobes: Foxd3 (19), Hnf1b (34), Zic1 (35) and a 216 bp Hoxa1 exon1 fragment. Whole-mount in situ hybridization was performed on embryos isolated from timed pregnancies essentially as described (36) .
Immunostaining and analysis
Tissues were fixed at 48C for 1 -2 h in 4% formaldehyde, rinsed in PBS, equilibrated to 30% sucrose and embedded in OCT. Cryosections were cut at 10 mm, washed in PBS and preincubated in blocking solution (2% BSA, 10% NGS, 0.1% Triton in PBS, pH 7.2). Rabbit anti-GFP (Abcam; 1:4000 or Molecular probes; 1:2000) primary antibody was applied overnight at 48C in a humid chamber, followed by secondary detection using Alexa Fluor conjugated secondary antibodies (Molecular Probes). Immunodetection was carried out using an SP5 confocal system (Leica) or an inverted microscope (Axiovert 200M, Zeiss) equipped with a SensiCam camera (The Cooke Cooperation). Data were acquired using the LAS AF or SlideBook TM software and processed using Adobe Photoshop.
30
Human Molecular Genetics, 2012, Vol. 21, No. 1
